The high resolution near edge X-ray absorption fine structure spectrum of nitrogen displays the vibrational structure of the core-excited states. This makes nitrogen well suited for assessing the accuracy of different electronic structure methods for core excitations. We report high resolution experimental measurements performed at the SOLEIL synchrotron facility. These are compared with theoretical spectra calculated using coupled cluster theory and algebraic diagrammatic construction theory. The coupled cluster singles and doubles with perturbative triples model known as CC3 is shown to accurately reproduce the experimental excitation energies as well as the spacing of the vibrational transitions. The computational results are also shown to be systematically improved within the coupled cluster hierarchy, with the coupled cluster singles, doubles, triples and quadruples method faithfully reproducing the experimental vibrational structure.
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The high resolution near edge X-ray absorption fine structure spectrum of nitrogen displays the vibrational structure of the core-excited states. This makes nitrogen well suited for assessing the accuracy of different electronic structure methods for core excitations. We report high resolution experimental measurements performed at the SOLEIL synchrotron facility. These are compared with theoretical spectra calculated using coupled cluster theory and algebraic diagrammatic construction theory. The Simulating high photon energy processes such as near edge X-ray absorption fine structure (NEXAFS) spectra involves a number of challenges not encountered in low energy processes such as UV/Vis spectroscopy. Exciting an electron from a core orbital involves a significant reduction in the screening of the core, leading to large relaxation effects. The most important ones are contraction of the valence electron density and repulsion due to the electron transferred from the core. Accounting for these effects theoretically is challenging. For example, results from density functional theory often have to be shifted 10 eV or more to agree with experimental results, 13, 14 and most methods require shifts of more than 1 eV. [15] [16] [17] More recently, the extended second order algebraic diagrammatic construction (ADC(2)-x) method has produced results within a few tenths of an eV from experimental values. However, the accuracy appears to rely on the cancellation of the remaining errors in the treatment of basis set and electron correlation 18 .
Another challenge when computing core-excited states is that they are embedded in a continuum of Rydberg states. Most electronic structure methods involve solving an eigenvalue problem in order to determine excited electronic states. Usually, some version of the Arguably the most successful approach to determine the core-excited states is the corevalence separation (CVS) approach. 24 The energy differences between the core and valence orbitals are typically several hundred eVs. Consequently, their overlap integrals become very small and the coupling between them can be neglected. The CVS approach is utilized in ADC [25] [26] [27] and has also been implemented in the coupled cluster (CC) framework 28 .
Comparing CVS and full space calculations using the Lanczos approach, discrepancies are typically less than 50 meV in our experience.
Recently, we reported a new implementation of coupled cluster singles and doubles with perturbative triples (CC3). 29, 30 This implementation has now been expanded with the CVS approximation. In this paper, we will use an experimental spectrum of nitrogen to assess the accuracy of CC3 for core-excited states. We note that N 2 has been used to assess the accuracy of ADC before 26 . The vibrational structure in the spectrum makes it possible to evaluate the shape of the potential energy surface (PES) and to determine the effect of vibrations on the excitation energy. Comparing different levels of CC theory reveals that the vibrational structure is highly sensitive to the shape and position of the PES.
Because N 2 only has 14 electrons, it is possible to use very large basis sets and minimize the basis set error which can be several eVs for core excitations. In addition, calculations with CC singles, doubles and triples (CCSDT) and CC singles, doubles, triples and quadruples (CCSDTQ) have also been carried out for this small molecule to study the higher-order correlation effects described by the full inclusion of the triple and quadruple excitations, using the recent efficient implementation of the CCSDT and CCSDTQ methods 31, 32 . The scalar-relativistic corrections have been obtained using the spin-free exact two-component theory in its one-electron variant 33, 34 .
In section II, we will briefly summarize CC theory and the CVS approximation and describe our computational and experimental approach. In section III, we present our results and section IV contains our concluding remarks and future perspective.
II. COMPUTATIONAL AND EXPERIMENTAL DETAILS
In CC theory, the wave function is written as the exponential of the cluster operator, T , acting on the Hartree-Fock (HF) reference state.
The excitation operators, τ µ , take the reference state to an excited state in the Fock space, |µ = τ µ |HF , and t µ is the corresponding amplitude. In exact theory, the CC formulation is equivalent to full configuration interaction (FCI) up to a normalisation factor, but in practice the cluster operator is truncated at some excitation level and the amplitude equations solved with projection.
E = HF| exp(−T )H exp(T ) |HF
When calculating time dependent properties such as excitation energies and transition moments, the standard methods are CC linear response 35, 36 (CCLR) and equation of motion CC (EOM-CC). 37 Both methods require the eigenvalues of the nonsymmetric Jacobian matrix A, whose elements are defined as the derivatives of Ω.
The eigenvalues of the Jacobian correspond to the vertical excitation energies of the system and it is sufficient to only solve from one side if other properties are not required. If transition moments and other excited state properties are desired, it is necessary to solve the eigenvalue problem from both the left and the right hand side. As mentioned in the introduction, the eigenproblems are typically solved using an iterative procedure like the Davidson method.
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In order to obtain core-excited states, the CVS approximation has been used. In this ap- Vibrational analysis was performed using the VIBROT 42 program by Sundholm. The
PESs were generated using splines between 21 single point energies for ADC(2)-x and CCSD and 22 points for the other methods. The extra point was included to describe a 1 Σ + u avoided crossing, but had no effect on the calculated ground state vibrational energies. Right and left moments were vibrationally averaged separately and multiplied together afterwards.
Rotational levels are not resolved in the experimental spectrum and all calculated rotational transitions are for J = 0.
The CVS approximation 27, 28 was used for all the calculations presented here. Due to the very close energies of 1σ u and 1σ g orbitals, excitations from both had to be included. All CC calculations were performed using the d-aug-cc-pCVQZ 43,44 basis set, except that the CCS-DTQ calculations were performed using the cc-pCVTZ basis. The ADC(2)-x calculations were performed with aug-cc-pCVQZ because d-aug-cc-pCVQZ was not available in QChem.
The difference in CC3 ground state energy between aug-cc-pCVQZ and d-aug-cc-pCVQZ is 0.26 mE h and the difference in the first excitation energy is 0.1 meV. The quadruples contribution from cc-pCVTZ were also added to CCSDT/d-aug-cc-pCVQZ in a model labeled CCSDT+∆Q. CCSD oscillator strengths were calculated using CCLR in the length gauge and theoretical spectra are plotted with an empirical Lorentzian line broadening of 0.06 eV half width at half maximum. Vibrational and total energies are given in the supplemental material 45 .
The experimental spectrum was recorded at room temperature at the PLÉIADES soft X-ray beamline, SOLEIL synchrotron, France 46 by measuring the total X-ray induced electron yield.The resolution was set around 50 meV and we obtained slightly better resolved vibrational features than documented in the standard paper by Chen et al. 47 . We calibrated 
III. RESULTS
In Figure 1 , we compare the first experimental peaks with the theoretical spectrum.
Energies of the excited states were computed using CC3 while the transition moments were determined at the CCSD level. is excited from the core σ u to σ * g . The last peak is a combination of two 1 Π u states with the excitation of 1σ g to the two equivalent π * u orbitals, and a 1 Σ + u state with the excitation from 1σ g to a σ * u orbital. Vibrational structure is observed for all these states except the last 1 Σ + u state, which is too weak and convoluted with the much stronger 1 Π u states, see Figure 2 .
These assignments are consistent with those of Chen et al. The intensities in the CC3 spectrum fall off too quickly compared to the experiment.
We mention that the simulated vibrational structure is insensitive to the oscillator strength curve used in the calculation, and depends almost entirely on the quality of the PES. The 
FIG. 7:
Comparison of the first experimental peak with CCSDT using d-aug-cc-pCVQZ and SFX2C-1e and the quadruples contribution using cc-pCVTZ. vibrational analysis performed using a constant oscillator strength for all the geometries produces results almost identical to those obtained using CCSD oscillator strength curve.
We thus decided to use the CCSD oscillator strength in all the CC simulations presented here. Comparing ADC(2)-x and CCSD in Table I , the ADC(2)-x potential is much shallower than the CC potentials, resulting in the vibrational levels being closer together. The CCSD potential is deeper than the CC3 potential, resulting in larger energy gaps.
In Figures 5, 6 , and 7, the predicted peaks from CCSDT, CCSDTQ, and CCSDT+∆Q are compared to experiment and the numerical results are presented in Table II The equilibrium bond length of the first core-excited potential is calculated to be 1.158
A using both CC3 and CCSDT, while the CCSDTQ and CCSDT+∆Q values are both 1.172Å. CC3 calculations using different basis sets have shown that the bond length for this state is insensitive to the choice of basis set. The experimental value is reported as 1.164Å 47 which is closer to CC3 than to CCSDTQ. Note that this so-called "experimental equilibrium bond length" for the core-excited state was obtained as a parameter in a Morse potential that was fit to reproduce the experimental spectrum. Since the overall shape of the calculated PES substantially deviates from a Morse potential, a direct comparison between the computational and "experimental" values of the equilibrium bond length is not possible.
We mention that the ADC(2)-x bond length is 1.187Å and is substantially longer.
Positions and relative intensities of the Rydberg states are presented in Table III Figure 8 we have plotted the CC3 PES of the states. We have also indicated the relevant vibrational levels with horizontal lines. For the first core-excited state, the equilibrium bond length is stretched compared to the ground state, while those for the Rydberg states are slightly compressed. When the bond is stretched, the higher In Figure 9 the change in the electron density between the ground state and the first 1 Π u state is plotted using Molden 51 . The density is plotted in a plane containing the N 2 molecule and in 3D using isosurfaces. A large density reduction is observed in the cores and a corresponding increase occurs with π symmetry. We note that a superposition of the two core holes is formed because the two atoms are equivalent, consistent with experiments 52 .
IV. CONCLUSION
Calculating core-excited states is challenging, not just because of the difficulties of finding the corresponding eigenvalues, but also because of the large relaxation effects that occur.
For the lowest energy core-excited state of nitrogen, the deviation of CCSD from CC3 is almost 0.8 eV, considerably higher than the typical deviation of 0. predict spectra with sufficient accuracy to assign peaks to states. In order to reproduce the vibrational spectra, a highly accurate PES is required. CCSDT improves both the shape of the PES and the absolute excitation energy, while CCSDTQ is required to accurately reproduce the vibrational spectrum quantitatively. We note that nitrogen is a somewhat special case with strongly interacting core holes, which complicates the description of the core relaxation. CC3 may nonetheless be more accurate when describing excitations from single core orbitals.
We note that basis set requirements can be relaxed by utilizing the fact that the excitation is very local and the large basis set is only needed on the atom being excited. Furthermore, multilevel CC3 can reduce the computational cost by two orders of magnitude 30 .
Vibrational effects can be important in NEXAFS spectra and are required when calculating the spectrum of N 2 to describe the vibrational structure and shifts in peak positions due to the zero point energy. Furthermore, scalar-relativistic effects are not negligible for accurate calculations of core excitation energies, even for a molecule that contains only a first-row element. Scalar-relativistic contributions obtained using the SFX2C-1e scheme increase the core-excitation energy of nitrogen by 0.21 eV throughout the PES. 
